Introduction 1
Models of speech production generally assume that the glottal source and the supra-glottal 2 vocal tract filter are independent (e.g., Fant 1960) -an assumption implicit as well in modern 3 phonological theories that routinely treat vowels and tones as independent primitives (e.g. 4 Duanmu 2007; Gao 2009). In contrast, traditional Chinese phonology divided the syllable into 5 two non-decomposable parts: an 'initial' (shēngmŭ) and a 'final' (yùnmŭ) (e.g., Chao 1968). 6
The 'initial' is the first consonant of a syllable. The 'final' includes the nuclear vowel, tone 7
and optional coda into a single unit (Chao 1968: 19) . Holistic supra-phonemic units, such as 8 the finals of traditional Chinese phonology, are consistent as well with more contemporary 9 exemplar-based models that posit word-specific phonetics or online abstraction over 10 exemplars of various-sized units (e.g., Pierrehumbert 2002). 11
As tones and vowels are temporally co-extensive and (to a large degree) physiologically 12 independent, articulatory kinematic data can provide a clear window on their phonological 13 independence. If vowels are independent from tones, vowel articulation should remain 14 relatively constant across tonal environments. On the other hand, if units of speech production 15 are larger, more holistic complexes, such as phonetically detailed targets at the level of words 16 (or 'finals'), we would expect each tone-vowel combination to have a unique articulation, 17 which may in turn have perceptual benefits. In languages that have complex tonal contrasts, 18 such as the contour tones of Mandarin, the time course of tone production unfolds more 19 slowly than vowel articulation. A tone-specific vowel movement could provide earlier 20 information about tone than f 0 . Such a result could explain why, in Chinese spoken word 21 recognition, vowel identity conditions the time course of tone recognition such that, for 22 example, the rising tone is recognized faster when it is temporally co-extensive with /i/ than 23 when it is co-produced with /u/ (Shaw et al. 2013) . 24
One drawback of the landmark-based analysis is that it may not capture effects of tone on 1 vowel dynamics that occur earlier or later in time than the movement towards target. We are 2 particularly interested in the effects of tone on vowel articulation that occur early in the time 3 course of the vowel, as these can potentially explain why vowel identity conditions early 4 recognition of certain tones (Shaw et al. 2013 ). In addition to the landmark-based analysis, we 5 have also explored time series analysis of the opening phase of vowel movements. This 6 analysis produced converging evidence for the effects of tone on vowel articulation that we 7 report below. For reasons of space, we focus in this paper on the landmark-based analysis, 8 which is sufficient to capture the effect of tone on the opening phase of the vowel, and leave 9 analysis of the time series data-including effects of tone that occur later in the vowel-to 10 future work. 11
Statistical analysis 12
Before conducting statistical analysis or averaging across speakers, we first computed the z-13 score of positional coordinates within speaker, articulator (EMA coil), and dimension 14 (vertical, longitudinal) and across items. This transformation facilitates comparison across 15 speakers (of the effect of tone on vowel position) by normalizing for speaker differences in 16 both mean sensor position and sensor position variance. From the standpoint of assessing the 17 effect of tone on vowel position, both of these are unwanted sources of variability. All 18 statistical analyses were conducted on these normalized values. In order to visually represent 19 the effect of tone in mm units, we converted average z-scores back into mm values. This was 20 done by "reverse z-score", i.e., multiplying the average (across subjects) z-score by the 21 average (across subjects) standard deviation and adding the average (across subjects) sensor 22 position. Converting z-scores into mm in this way preserves the structure of the differences attributable to tones 2 (rising) and 3 (low). These tones -those that begin low -were 21 significantly different from tones 1 (high) and 4 (falling) -those that begin high -for both /a/ 22 (TB, TT, and jaw receiver coils) and /i/ (TB only). The difference between tone 2 and tone 3 23
was not significant, nor was the difference between tone 1 and tone 4. Effects of tone on /u/ 24
were not significant. 25 
Jaw results 17
To further investigate the relationship between jaw and TB movement, we computed the 18
Euclidean distance between the TB sensor, where opposite effects of tone were found for /a/ 19 and /i/, and the jaw sensor. Unlike the analysis reported above, this measure takes into 20 account changes across tones in both vertical and longitudinal dimensions. The null effect of tone on TB-to-jaw distance for /u/ can be expected, since neither the TB 5 sensor nor the jaw sensor was individually influenced by tone. For /a/, we have already seen 6 that both the jaw and the TB sensor were influenced by tone in the vertical dimension. We 7 now see that these parallel movements maintain a fixed distance between TB and jaw sensors. 8
This indicates that the magnitude of jaw displacement is comparable to the magnitude of TB 9 displacement. The result reinforces our view, expressed above in the discussion of /a/, that the 10 effect of tone on vowel targets is mediated by jaw movement. The stable TB-to-Jaw distance 11
for /i/ indicates that, here also, the significant effect of tone on vowel height can be attributed 12 to the jaw. This was not apparent from analyses in 3.2 in part because the contribution of the 
Differential effect of tone on /a/ and /i/ 20
Accounting for the effect of tone on /i/ production is less straightforward. The only significant 21 difference was found at the TB sensor in the vertical dimension. As with /a/, tones that start 22 low, tone 2 and tone 3, pattern together. However, unlike for /a/, tones 2 and 3 influence /i/ in 23 the opposite direction. For /i/, the TB was higher for tone 2 and tone 3 than for tones that start 24 high, tone 1 and tone 4. Figure 3 zooms in on these differences comparing the effect for /i/ 1 (middle panels) with that found for /a/ (left panels). At the TB, tones 2 and 3 pattern together 2 but they influence /a/ and /i/ in different directions. 3
The physiological explanation we offered for the effect of tone 2 and 3 on lingual position for 4 /a/ does not generalize straight-forwardly to /i/. However, it may be the case that TB is raised 5 for /i/ with low tones to keep the acoustics of /i/ stable across the four tones by countering 6 mechanistic factors. In other words, the same pull of low tones on the jaw may receive lingual 
Stability of /u/ across tones 3
In contrast to /a/ and /i/, which both showed tone-conditioned variation, lingual position for 4 /u/ was stable at all three lingual sensors (Fig. 3 and Fig. 4) , and in the relative position of the 5 tongue and jaw (Fig. 5) . At least in the opening phase of the vowel -the focus of our analysis 6
here -/u/ is resistant to the coarticulatory influence of tone. This stability is potentially 7 attributable to active control of the jaw, part of the coordinative structure supporting rounding. 8
If so, we predict similar coarticulatory resistance for other rounded vowels, e.g., /y/ and /o/. 9
Tone-vowel (in)dependence 10
Significant effects of tone on lingual position measured at the vowel target were observed for 11 two of the three vowels examined. This result may appear at first blush to support the 12 hypothesis that tones and vowels are inter-dependent, as in the 'finals' of traditional Chinese 13 phonology, more holistic accounts of lexical representation, such as exemplar theory 14 (Pierrehumbert 2002), or other theories that advocate speech production units larger than the 15 vowel, e.g., Fujimura's (1986) icebergs. We offered a partial physiological explanation for 16 why /a/ is lowered for tones that start low, tone 2 and 3. The effect of these tones on /i/ was in 17 the opposite direction. For /i/, TB was higher for tones 2 and 3. We speculated on possible 18 mechanistic (Moisik et al. 2014 ) and functional accounts for this pattern. However, with 19 respect to the question of tone-vowel independence, maintenance of small but systematic 20 differences in vowel target as a function of tone supports an integrated representational 21 hypothesis. In the absence of a model that can account for why low tones lead to higher TB 22 for /i/ and lower TB for /a/, the pattern appears arbitrary and, as such, supports the inter-23 dependence view of tone-vowel relations. TB height may vary across /i1/, /i2/, /i3/, and /i4/ in 24 our data because each of these 'finals' are independent units of speech production, or because 1 /pi1/, /pi2/, /pi3/, and /pi4/ are all different words of Chinese. 2
Tone-specific vowel variation may contribute to rapid recognition of tones. There is recent 3 evidence that the time course of tone perception is influenced by vowel quality such that, in 4 particular, the rising tone (tone 2) is recognized faster when it is produced with /a/ and /i/ than 5 with /u/ (Shaw et al. 2013 ). These are the vowel contexts in which the rising tone exerted the 6 greatest coarticulatory influence on TB position in our data. Early recognition of the rising 7 tone (which has a later f0 inflection point than the other Mandarin tones) for just these vowels 8 might be attributable to tone-specific variation in tongue height or to the relationship between 9 f 0 and lingual position. Lingual targets unique to tone-vowel combinations may therefore 10 function to enhance spoken word recognition for words minimally differentiated by tone. 11
In contrast to the case for tone-vowel inter-dependence exposed above, we believe that the 12 data also can be viewed as unequivocally supporting tone-vowel independence. However, this 13 interpretation of the data requires that we either focus on certain areas of the tongue, e.g., the 14 stable TD sensor, or that we pursue an alternative expression of vowel targets, the position of 15 the tongue relative to the jaw. 16 Vowel targets are typically considered to be spatial positions corresponding, for example, to 17 the static images of x-rays (e.g., Stevens and House, 1955) . Although details of specific 18 models vary, we take the standard view of vowel targets to involve the position of the tongue 19 relative to the palate. This can be expressed in terms of constriction location and degree, as in 20
Task Dynamics (Saltzman and Munhall, 1989 ), or as a fixed target in space with quantifiable 21 dimensions (Guenther, 1995) . Although there are important differences between these models 22 of vowel targets, they have in common that the production goal is not expressed in terms of 23 the relation between active articulators. Rather, the production goals are expressed 24 independently of the coordinative structures that may achieve them. On this view, to see the 25 data as supporting tone-vowel independence requires focusing on a specific portion of the 1 tongue. Only the TD sensor remains stable across tones. On the view that the entire surface of 2 the tongue contributes to the vowel target, our data instead indicates that vowel targets in 3
Chinese vary with tones in ways that are not fully predictable from physiological constraints 4 on coarticulation, at least not according to our current understanding. This conclusion comes 5 with the important caveat that our data, sourced from lingual fleshpoints, underdetermine the 6 entire shape of the tongue. Additionally, we have focused on the midsagittal plane and on the 7 spatial position of the receiver coils at the vowel target. Complimentary data from other 8 aspects of vowel articulation may reveal other areas of relative stability across tones (or other 9 systematic influences on tone). The view that emerges from three key lingual articulatory 10 markers, is that only the TD is stable for each vowel across variation in tone. The isolated 11 stability at this area of the tongue is consistent with the TD as the low dimensional articulator 12 under control in vowel production. 13 Besides restricting our definition of vowel target to the TD sensor, there is an alternative 14 expression of vowel targets that permits an unequivocal interpretation of the data in terms of 15 tone-vowel independence. This alternative is that it is the relation between articulators that 16 serves to dictate production goals for these vowels. Seen through the lens of a relative notion 17 of vowel target, our data provide strong support for tone-vowel independence. The 18 relationship between tongue position and jaw position remained stable across tones, even as 19 sensor position varied, e.g. at the TB sensor for /a/ and /i/. As a consequence, the Euclidean 20 distance between the TB sensor and the jaw differed for phonologically distinct vowels, /a/, 21 /i/, and /u/, but remained constant across tones. It is therefore possible to characterize the three 22
Chinese vowels in this study in terms of a single dimension, the relationship between lingual 23 and jaw position. On this view, spatial variation in lingual position need not disturb 24 achievement of vowel targets, as long as the jaw is free to co-vary in accordance with a 1 vowel-specific tongue-jaw relation. 2
Of the two perspectives on the data that permit interpretations in terms of tone-vowel 3 independence, it is not yet clear which (TB-to-jaw distance or TD position) is more important 4 for vowel targets. 5
Conclusion 6
Articulatory kinematic data offers a novel empirical approach to investigating the form of 7 phonological representations. Tones exert a systematic influence on vowel articulation in 8
Mandarin Chinese. Some of the effects can be attributed to the shared influence of tone and 9 vowel production on jaw position. Others, i.e., the higher position of TB for /i/ when 10 
